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Aim: Inflammation plays a significant role in the pathogenesis of human abdominal aortic aneurysm (AAA). 
AEBP1 can promote activation of the NF-κB pathway, subsequently affecting the expression of NF-κB target 
genes, including inflammatory cytokines and matrix metalloproteinases (MMPs). Our objective was to examine 
the role of AEBP1 in the development of AAA and characterize the underlying mechanism.

Methods: ITRAQ, RT-PCR, western blot, immunohistochemistry, and ELISA were used to compare different 
experimental groups with the controls and to determine the differentially expressed genes. We generated an AAA 
model using porcine pancreatic elastase in Sprague–Dawley rats and silenced their AEBP1 in vivo by adenovi-
ruses injected intra-adventitially. We also silenced or overexpressed AEBP1 in human vascular smooth muscle 
cells in vitro in the presence and in the absence of NF-κB inhibitor BAY 11-7082.

Results: Proteome iTRAQ revealed a high expression of AEBP1 in AAA patients, which was verified by qRT-
PCR, western blot, immunohistochemistry, and ELISA. The mean expression level of AEBP1 in AAA patients 
was higher than that in controls. Along with AEBP1 upregulation, we also verified mis-activation of NF-κB in 
human AAA samples. The in vivo studies indicated that AEBP1 knockdown suppressed AAA progression. 
Finally, the in vitro studies illustrated that AEBP1 promotes activation of the NF-κB pathway, subsequently 
upregulating pro-inflammatory factors and MMPs.

Conclusions: Our results indicate a role of AEBP1 in the pathogenesis of AAA and provide a novel insight into 
how AEBP1 causes the development of AAA by activating the NF-κB pathway.

typical pathological signatures of AAA include inflam-
matory infiltration in the adventitia and tunica media, 
aortic elastin proteolytic degradation, and pathological 
remodeling 4). Vascular inflammation has been 
regarded as the primary determinant of AAA5). It pro-
ceeds with gradual infiltration of many inflammatory 
cell types, including macrophages, lymphocytes, mast 
cells, and neutrophils, into the intima from the adven-

Introduction

Abdominal aortic aneurysm (AAA) is a vascular 
disease characterized by permanent, localized full-
thickness dilation of the abdominal aorta, with high 
incidences of morbidity and mortality1). Parallel to the 
increase in the global mean age, the incidence of AAA 
has increased seven-fold in the past 30 years2, 3). The 
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comprised age- and sex-matched healthy individuals. 
They had a relatively healthy peripheral vascular sys-
tem, as determined by ultrasonography, and indicated 
no evidence or medical history of aneurysm or other 
vascular disorders. Because the AAA patients also had 
prominent atherosclerosis21), we identified age- and 
sex-matched patients with infrarenal aortic atheroscle-
rotic occlusive disease (AOD) in the same hospital 
(n=12) as a second control group. These patients had 
no medical history of aneurysmal disease, other vascu-
lar disorders, and connective tissue disorders. AOD 
was diagnosed by enhanced CT scanning or 3D-CTA, 
and this group was used as a control for the involve-
ment of atherosclerosis, especially in early lesions 
(Table 1).

AAA tissues (n=20) and AOD tissues (n=8) 
were respectively obtained from the patients in the 
AAA group (n=38) and the AOD group (n=12), who 
then underwent open surgery. HC tissues (n=12) 
were derived from organ donors (HC group, n=38). 
Tissues were either frozen at －80℃ for qRT-PCR and 
western blot analyses or dehydrated and embedded in 
paraffin for immuno-histochemistry/fluorescence 
analysis. The clinical procedures followed in the study 
were approved by the Institutional Review Board of 
China Medical University and the local ethical com-
mittee. All participants provided written informed 
consent.

Proteome iTRAQ
Vascular wall tissues from three individuals from 

each of the AAA, AOD, and HC groups were col-
lected for proteome iTRAQ analysis. The collected 
samples were processed for iTRAQ analysis in 
KangChen Bio-tech. The output was visualized using 
R and CummeRbund. The heatmaps were generated 
in R using pHeatmap and R ColorBrewer. The results 
were analyzed according to uniprot20160315_human 
database and displayed using Thermofisher Proteome 
Discoverer 1.3/1.4.

Rat Models
The animals were handled according to the 

guidelines described in the National Institutes of 
Health Guide for the Care and Use of Laboratory 
Animals. All the experimental protocols were approved 
by the Animal Research Ethics Committee of China 
Medical University. Fifty-five male SD rats (Liaoning 
Changsheng Biotechnology, Dalian, China) weighing 
250–280 g were used in this study. The rats were ran-
domly divided into four groups and subjected to the 
following treatments: the sham group (operation only, 
n=10), the control group (elastase perfusion only, 
n=25), the con＋AV group (elastase perfusion＋empty 

titia. These cells subsequently secrete various inflam-
matory cytokines6-9) and matrix metalloproteinases 
(MMPs)10, 11) and induce smooth muscle cell apopto-
sis12). These events are considered key factors directly 
associated with AAA formation and progression.

Adipocyte enhancer binding protein 1 (AEBP1) 
is a transcriptional repressor that modulates the activ-
ity of the adipogenesis aP2 gene, which was first iden-
tified during adipocyte differentiation13). Recently, 
AEBP1 has been identified in macrophages as a novel 
pro-inflammatory mediator involved in macrophage 
cholesterol homeostasis and inflammatory responsive-
ness14, 15). More recently, Majdalawieh et al. reported 
that AEBP1 manifests its pro-inflammatory effects by 
promoting NF-κB activity through impeding the 
inhibitory function of IκBα in macrophages, which 
likely occurs through AEBP1-IκBα physical interac-
tion16).

NF-κB is a nuclear transcriptional factor that is 
widely expressed in eukaryotic cells and has a wide 
range of biological functions. It can identify and bind 
κB sequences in gene promoters, thereby promoting 
the expression of the corresponding target genes17). In 
the canonical NF-κB pathway, the various stimuli that 
activate NF-κB cause phosphorylation of IκBα, fol-
lowed by IκBα’s ubiquitination and subsequent deg-
radation. This results in the exposure of the nuclear 
localization signals on NF-κB subunits and their sub-
sequent translocation to the nucleus. In the nucleus, 
NF-κB binds to the κB sequence of various genes, 
thereby activating their transcription. The NF-κB 
pathway can promote chronic inflammation of vascu-
lar walls and regulate transcription of MMPs18). Ani-
mal model experiments have revealed that inhibiting 
the activity of NF-κB can delay occurrence and devel-
opment of AAA19, 20).

Aim

Given the abundance of AEBP1 in AAA patients 
and its association with two AAA inducers, inflamma-
tion and NF-κB, the present study aimed to examine 
the cause–effect relationship between AEBP1 and 
AAA.

Materials and Methods

Clinical Samples
Patients at The First Affiliated Hospital of China 

Medical University with an abdominal aorta diameter 
＞5.5 cm (n=38) were recruited for this study. 
Patients with Ehlers–Danlos syndrome, Marfan syn-
drome, and other known vascular disorders were 
excluded. The healthy control (HC) group (n=38) 
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gagGTAATAGTCCATGTCATCGc -3 and 5- 
cgaaaGGAGGAAAGGAAGGAAGTTGActcgagT-
CAACTTCCTTCCTTTCCTCCAAAA -3, respec-
tively.

For lentivirus transfection, VSMC cells were first 
seeded into a 24-well plate with DMEM. After 24 h, 
the culture medium was replaced with a fresh medium 
containing 2 µg/mL polybrene (Solarbio, Beijing, 
China) and concentrated lentivirus. Forty-eight hours 
later, the positive transfected cells were subjected to 
selection using 8 µg/mL puromycin (Solarbio, Beijing, 
China) for 1 week. The selected positive cells were 
then used for the subsequent functional studies. The 
NF-κB pathway inhibitor BAY11-7082 was pur-
chased from MCE (MedChemExpress USA, New Jer-
sey, USA) and used at a final concentration of 10 µM 
in cell culture. It was dissolved in DMSO [＜0.1% (v/
v) to avoid any toxicity to the cells].

qRT-PCR
Total RNA was extracted from the cells using the 

TRIzol reagent (Invitrogen, Carlsbad, USA), as per 
the manufacturer’s instructions. RNA quality and 
quantity were assessed using NanoDrop ND-1000 
(Thermo Fisher Scientific, Waltham, USA). The total 
RNA was reverse-transcribed using PrimeScript reverse 
transcriptase (Takara) and oligo-dT primers according 
to the manufacturer’s instructions. Gene expression 
was measured by qPCR using a MyiQTM real-time 
PCR detection system (Bio-Rad Laboratories, Hercu-
les, CA, USA). The sequences of the primers used are 
as follows: for human AEBP1: Forward: 5- GAG-
GAGTTGGAGGAGGAGTGGAC -3, Reverse: 5- 
AGGAGGCTCGGATCTGGTTGTC -3; for human 

adenovirus, n=10) and the con＋shAEBP1 group 
(elastase perfusion＋adenovirus with AEBP1 shRNA, 
n=  10). The AAA rat experimental model was estab-
lished using elastase infusion following established 
protocols22, 23). Briefly, the rats were first given general 
anesthesia (a gas mixture of 2.0%-2.5% isoflurane and 
oxygen), and a long midline abdominal incision was 
then made to expose the abdominal aorta. The aorta 
was then isolated from the level of the left renal vein 
toward the bifurcation. All lumbar branches of the 
exposed infrarenal aorta were ligated. An aortotomy 
was performed, and a PE10 catheter was inserted into 
the aorta. The upper and the lower ends of the cathe-
ter were ligated temporarily to create a closed lumen, 
and porcine pancreatic elastase (20 U/mL) (Solarbio, 
Beijing, China) was perfused for 15 min. Before clos-
ing the aortotomy, heparin (50 U) was injected in to 
prevent thrombosis. For the con＋AV and con＋
shAEBP1 groups, 40 µL adenovirus (1×1011/mL) was 
injected into the intra-adventitial space from at least 
four positions. The specimens were collected after 28 
days.

Cell Culture
293A, 293T, and human VSMC cells (ATCC 

CRL1999) were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) (Hyclone, Logan, UT, USA) 
supplemented with 10% fetal bovine serum (PAN-
biotech, Leipzig, Germany). Adenovirus and lentivirus 
were packaged in 293A and 293T cells, respectively. 
Adenovirus and Lentivirus were concentrated through 
high-speed centrifugation. The shRNA sequences tar-
geting human AEBP1 lentivirus and rat AEBP1 ade-
novirus were 5- GCGATGACATGGACTATTACctc-

Table 1. Comparison of the Clinical Features Between AAA , AOD and HC group

AAA (n =38) AOD (n =12) HC (n =38)

P value

AAA vs AOD AAA vs HC

Gender (Male)
Age (years)
Smoking history
Hypertension history
Diabetes history
WBC count (＊109/L)
Lymph count (＊109/L)
Triglyceride (mmol/L)
Total cholesterol (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
Diameter (mm)

32 (84.1%)
61.95±9.69

16 (42%)
18 (47%)

7 (18%)
6.65±1.82
1.62±0.62
1.47±0.56
4.10±1.23
1.09±0.29
2.92±1.08

57.12±13.16

10 (83.3%)
61.00±11.35

5 (42%)
6 (50%)
3 (25%)

7.01±0.87
1.53±0.60
1.35±0.87
4.05±0.77
1.01±0.25
2.52±0.68

18.67±0.88

30 (78.9%)
58.11±11.66

14 (37%)
16 (42%)

5 (13%)
6.99±1.36
1.65±0.42
1.29±0.44
4.13±0.65
1.02±0.21
2.63±0.54
18.52±0.95

0.94
0.72
0.97
0.87
0.62
0.58
0.57
0.24
0.84
0.48
0.22
＜0.001

0.55
0.17
0.63
0.65
0.53
0.57
0.40
0.17
0.87
0.31
0.09
＜0.001

Continuous data are presented as mean±SD. Data from three groups showed no significant difference in associated risk factors. The diameter of 
abdominal aorta in AAA group is significantly different to those in AOD group and HC group.
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Immunofluorescence Staining
Paraffin-embedded sections were blocked with 

5% normal goat serum for 30 min and then incubated 
overnight with the corresponding antibody (1:1000) 
in PBS at 4℃. The sections were rinsed with PBS-
Tween 20 and then incubated with a CY3- or FITC- 
labeled secondary antibody (1:500) for 50 min. There-
after, the sections were rinsed three times with PBS-
Tween 20 and counterstained with DAPI, followed by 
rinsing as before. The sections were dehydrated, 
mounted with an anti-fade mounting medium, and 
covered with a coverslip. Nuclear P-p65 was evaluated 
at 400× magnification using an image analysis soft-
ware (Image-Pro Plus 6.0).

Histological Studies
All rats were sacrificed after 28 days. The aortas 

were fixed in polyformaldehyde and processed for par-
affin embedding. Aortic tissue sections (5 µm) were 
stained with normal hematoxylin and eosin, Elastic 
Van Gieson (EVG) staining (for elastin) and Masson 
staining (for collagen) followed standard procedures. 
Images of the sections were captured with a micro-
scope system (IX71; Olympus, Tokyo, Japan)

Enzyme-Linked Immunosorbent Assay
For the detection of serum AEBP1- (CLOUD-

CLONE CORP, Wuhan, China) and VSMC-secreted 
AEBP1, TNF-α (R&D Systems, Minneapolis, MN), 
IL-10 (R&D Systems, Minneapolis, MN), IL-6 (Sino 
Biological, Beijing, China), and IL-1β (Sino Biologi-
cal, Beijing, China) in the cell culture after 24 h, we 
used commercial enzyme-linked immunosorbent assay 
(ELISA) kits following the manufacturer’s guidelines. 
Briefly, 100 µL of the sample was used per well, and 
the plate was incubated with the antibodies for 1 h at 
room temperature. After the incubation, the wells 
were washed three times, and 100 µL of each chromo-
genic substrates A and B was added. The plate was 
then incubated in the dark for 20 min at 37℃. Finally, 
50 µL of a stop solution was added to each well to 
stop the reaction, and the absorbance was measured at 
450 nm. Expression values were calculated using a 
standard curve.

Co-Immunoprecipitation
The Pierce Classic IP Kit (Thermo Scientific, 

Waltham, MA, USA) was used to perform co-immu-
noprecipitation (Co-IP) assays following the manufac-
turer’s protocols. The Pierce AminoLink Plus Cou-
pling Resin was washed twice with 200 mL of the 
coupling buffer and then mixed with an anti-AEBP1 
or anti-IκBα antibody in a spin column and incu-
bated for 2 h with shaking at 4℃. Untreated VSMCs 

NF-κB (p65): Forward: 5- AGGCTCCTGTGCGT-
GTCTCC -3, Reverse: 5- TCGTCTGTATCTG-
GCAGGTACTGG -3; for human IκBα: Forward: 5- 
TCCACTCCATCCTGAAGGCTACC -3, Reverse: 
5- AGGTCCACTGCGAGGTGAAGG -3; and for 
human GAPDH: Forward: 5’’- CATCACTGC-
CACCCAGAAGACTG -3’’, Reverse: 5- ATGC-
CAGTGAGCTTCCCGTTCAG -3. GAPDH was 
used as the internal control for normalization of the 
relative expression values. The fold change in gene 
expression was calculated using the 2－ΔΔCT formula.

Western Blot
Cell and tissue samples were lyzed with RIPA 

lysis buffer (Solarbio, Beijing, China) including 1:100 
PMSF (Solarbio, Beijing, China) and 1:100 protease 
inhibitor cocktail (Roche, Indianapolis, USA), and the 
lyzed samples were quantified with the BCA assay 
(Thermo Scientific, Waltham, MA, USA). After add-
ing the 4X SDS loading buffer followed by boiling, 30 
µg total protein from each sample was separated on 
Bis-Tris polyacrylamide gels and transferred onto 
PVDF membranes (Millipore Corporation, Bedford, 
MA, USA). The samples were then immunoblotted 
overnight at 4℃. The following antibodies were used: 
AEBP1 (SC-271374) (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA); IκBα (4812S) (Cell Signaling 
Technology, Inc., Danvers, MA, USA); NF-κB p65 
(ab16502), Phospho-NF-κB p65 (ab86299), MMP2 
(ab92536), MMP9 (ab38898), TNF-α (ab6671), 
IL-1β (ab9722), and IL-6 (ab9324) (Abcam, Cam-
bridge, USA); MCP-1 (Waileibio, Shenyang, China); 
GAPDH and Lamin B1 (Proteintech, Wuhan, China). 
GAPDH and Lamin B1 were used as internal con-
trols.

Immunohistochemical Staining
Paraffin-embedded sections were blocked with 

5% normal goat serum for 30 min and then incubated 
overnight with rabbit anti-AEBP1 (ab222147, Abcam, 
Cambridge, USA) (1:1000) in PBS at 4℃. The sec-
tions were then incubated with goat anti-rabbit sec-
ondary antibody (1:500) for 20 min. All the sections 
were incubated for 20 min with the avidin-biotin per-
oxidase complex (Vectastain ABC kit, Burlingame, 
CA, USA) at room temperature. Labeling was visual-
ized using a 0.075 mg/mL diaminobenzidine solution 
activated with 0.1% H2O2. All the sections were thor-
oughly rinsed with PBS between the staining steps. 
The integrated optical density (IOD) of the positively 
stained area was analyzed at 400× magnification 
using an image analysis software (Image-Pro Plus 6.0).
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compared with that in AOD and HC individuals. 
Overall, these results suggest that AEBP1 may play a 
role in the development of AAA.

The NF-κB pathway is mis-activation in AAA patients
We hypothesized that inhibition of NF-κB activ-

ity suppressed the occurrence and development of 
AAA. Accordingly, we first examined the NF-κB path-
way in AAA patients. The NF-κB subunit p65 and its 
inhibitor IκBα were used as markers for the NF-κB 
pathway. qRT-PCR (Fig.2A) and the western blot 
(Fig.2B, C) revealed that p65 and IκBα were respec-
tively up- and down-regulated in AAA patients, indi-
cating that the NF-κB pathway is induced during 
aneurysm. Activation of the NF-κB pathway proceeds 
with translocation of NF-κB subunits into the 
nucleus. Therefore, we next assessed translocation of 
P-p65 in AAA, AOD, and HC groups. The western 
blot analysis indicated that P-p65 levels were higher in 
the vascular nuclear extracts of AAA patients relative 
to those of AOD and HC individuals (Fig.3A, B). 
These results were confirmed with immunofluores-
cence (IF) analysis of the vascular wall tissue samples 
(Fig.3C, D). Thereby, the samples were found to be 
in the order of AAA＞AOD＞HC in terms of their 
nuclear P-p65 content. Overall, these results indicated 
that the NF-κB pathway was aberrantly activated in 
AAA patients.

Konck down of AEBP1 inhibits the development 
of AAA in an elastase-induced rat model

To elaborate the relationship between AEBP1 
and the development of AAA, we generated an AAA 
SD rat model using porcine pancreatic elastase. We 
successfully established aortic aneurysm in this model 
(Table 2), as the aorta was clearly dilated in the con-
trol (only elastase-treated) and empty adenovirus-
infected (con＋AV) groups compared with the aorta in 
the sham group 28 days after the surgery. However, 
after transfection of the aorta with AEBP1 shRNA 
(con＋shAEBP1), the dilatation was almost com-
pletely suppressed (Fig.4A). Hematoxylin-eosin stain-
ing indicated that arterial smooth muscle cells were 
disorganized and considerably infiltrated with inflam-
matory cells in the control and con＋AV groups com-
pared with those in the sham group. Notably, 
shAEBP1 transfection suppressed the inflammatory 
cell infiltration. EVG staining revealed that elastic 
fibers in the media layers of the control and con＋AV 
aortas were badly damaged and displayed irregular, 
discontinuous morphology with fractures, fragmenta-
tion, and loss of normal curvature. Importantly, elastic 
fibers remained relatively intact in the con＋shAEBP1 
group and displayed distinct layers with a regular, con-

were lyzed with IP lysis buffer and ultrasonic decom-
position on ice for 30 min; the lysate was then pre-
cleared with a control agarose resin for 1 h according 
to the manufacturer’s protocol. Next, the pre-cleared 
lysate was added into the pre-treated spin columns 
mentioned above and incubated overnight at 4℃. On 
the next day, after several wash and centrifugation 
steps, IP samples were eluted from the spin columns 
with 40 µL of the elution buffer. The samples were 
boiled and analyzed with western blot as described 
above.

Statistical Analysis
A statistical analysis was carried out using the 

SPSS 20.0 (SPSS Inc, Chicago, IL, USA) software, 
and graphs were prepared using the Graph Prism 7.0 
(GraphPad, San Diego, CA, USA) software. The Kol-
mogorov–Smirnov test was used to verify whether the 
data were normally distributed. Continuous variables 
were analyzed using one-way ANOVA for univariate 
analysis and two-way ANOVA for multivariate analy-
sis. A nonparametric Mann–Whitney U test was used 
in the cases where the data were not normally distrib-
uted. All data are presented as mean±SEM. In all the 
analyses, p＜0.05 was considered statistically signifi-
cant.

Results

AEBP1 is upregulated in AAA patients
To evaluate the expression pattern of AEBP1 in 

the abdominal aorta during an aneurysm, we analyzed 
the vascular wall tissues of three AAA patients with 
proteome iTRAQ, in comparison with those obtained 
from three AOD and three HC individuals. AEBP1 
was found to be significantly upregulated in AAA 
patients compared to AEBP1 in AOD and HC indi-
viduals (Fig.1).

To elaborate the relationship between AEBP1 
and AAA, we evaluated AEBP1 expression in the vas-
cular wall tissues of 20 AAA, 8 AOD, and 12 HC 
individuals using qRT-PCR and the western blot. 
Both analyses indicated that AEBP1 was significantly 
upregulated in AAA patients compared with AEBP1 
in AOD and HC individuals (Fig.2A-C). The ELISA 
analysis of serum samples from AAA (n=38), AOD 
(n=12), and HC (n=38) groups indicated that the 
level of circulating AEBP1 was significantly upregu-
lated in AAA patients (Fig.2D). The immunohisto-
chemistry (IHC) analysis also indicated a high AEBP1 
expression in the vascular wall of AAA patients 
(Fig.2E, F). These results revealed that AEBP1 expres-
sion (cellular mRNA/protein and circulating protein 
levels) was significantly upregulated in AAA patients 
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Fig.1. Summary of changes in the global protein expression 
profiles, as revealed by proteome iTRAQ

The vascular wall was sampled from AAA patients, AOD patients, 
and HC individuals (n=3) and processed for proteome iTRAQ. 
The heatmap indicates the global protein expression profile for 
AAA, AOD, and HC individuals. The protein level in the HC 
group was used as the reference.
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tion between AEBP1 and AAA. As the development 
of AAA is always accompanied with local inflamma-
tion and fibrillar disorders, we measured the levels of 
metalloproteases MMP-2/9 and inflammatory cyto-
kines TNFα, MCP-1, IL-6, and IL-1β in the vascular 
wall of the rat model. We found that the levels of 
MMPs and inflammatory cytokines were clearly ele-
vated in the control and con＋AV groups, but AEBP1 
silencing suppressed this effect (Fig.5B, C). Overall, 
these results indicated that AEBP1 was important for 
the development of AAA, and silencing AEBP1 could 
suppress the development of AAA.

tinuous wave-like pattern and fine curvature. In addi-
tion, Masson staining indicated deposition of collagen 
fibrils in the control and con＋AV groups, whereas 
shAEBP1 partly suppressed the symptoms (Fig.4B). 
These results indicated that AEBP1 silencing partly 
suppressed elastase-induced AAA development in the 
rat.

We analyzed the vascular wall tissue at different 
time points of AAA development (4, 7, 14, 21, and 28 
days after the surgery). The western blot analysis indi-
cated that AEBP1 was upregulated in a time-depen-
dent manner (Fig.5A), further verifying the correla-

Fig.2. AEBP1 expression is upregulated and the NF-κB pathway is activated in the clinical samples of AAA patients

The vascular wall tissues were sampled from 20 AAA patients, 8 AOD patients, and 12 HC individuals for qRT-PCR, the western blot, and 
IHC staining, in addition to the blood samples collected from them for ELISA. (A) mRNA expression levels of AEBP1, NF-κB subunit p65, 
and NF-κB inhibitor IκBα were measured by qRT-PCR. The relative expression against GAPDH is presented (mean±SD; Mann–Whitney, 
＊p＜0.05; ＊＊p＜0.01). (B) The corresponding protein levels of AEBP1, NF-κB p65, and IκBα were evaluated using the western blot (with 
GAPDH as the loading control). (C) Quantification of the protein bands from three independent groups. The relative expression against 
GAPDH is presented (mean±SD; Mann–Whitney, ＊p＜0.05; ＊＊p＜0.01). (D) Circulating levels of AEBP1 were measured using an ELISA 
kit (AAA group n=38; AOD group n=12; HC group n=38) (mean±SD; Mann–Whitney, ＊＊p＜0.01). (E) IHC staining and micrographs 
(400×) indicating AEBP1 expression (n=5). (F) Quantification of IOD in AEBP1 using IHC staining (mean±SD; one-way ANOVA, ＊＊p
＜0.01).
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Similar results were obtained with immunofluores-
cence (Fig.5E, F) and the western blot (Fig.5G) 
assessment of nuclear translocation of NF-κB P-p65 
in the vascular walls. These results suggested that 
AEBP1 promoted the development of AAA by activat-
ing the NF-κB pathway.

The role of AEBP1 in the development of AAA relies 
on the activation of the NF-κB pathway in VSMC

Both clinical samples and rat models indicated 

AEBP1 mediates the aberrant activation of the 
NF-κB pathway, thereby promoting AAA develop-
ment in the rat model

Activation of the NF-κB pathway in AAA 
patients has previously been reported24). Accordingly, 
we checked for the activation of the NF-κB pathway 
in the AAA rat model. In both the control and con＋
AV groups, NF-κB p65 and IκBα were found to be 
up- and down-regulated, respectively. These effects 
were suppressed upon AEBP1 silencing (Fig.5D). 

Fig.3. The NF-κB pathway is activated in the clinical samples of AAA patients

(A) Nuclear proteins were extracted from the vascular wall tissues of AAA, AOD, and HC individuals, and P-p65 expression was evaluated 
using the western blot. (B) Quantification of the protein bands from three independent groups. The relative expression against Lamin B1 is 
indicated (mean±SD; Mann–Whitney, ＊＊p＜0.01). (C) Immunofluorescent staining and micrographs (400×) indicated P-p65 expression in 
the tissues (n=5). (D) Quantification of the proportion of P-p65 positive nuclei (mean±SD; one-way ANOVA, ＊＊p＜0.01).

Table 2. Dilatation ratio for AEBP1 knockdown in AAA rat models

Group Day 0 (mm) Day 28 (mm) Dilatation ratio (%)

sham
control 
con＋AV 
con＋shAEBP1

1.18±0.14
1.20±0.13
1.19±0.10
1.18±0.10

1.21±0.13
2.44±0.19
2.41±0.16
1.90±0.13

3.43±4.75a

104.19±14.96ab

103.64±9.53ab

62.60±43.38b

The diameters of infrarenal abdominal aorta in sham, control, con＋AV and con+shAEBP1 were measured 
by vernier caliper on day 0 and day 28 after surgery. Group sham, rats were opened as a control; Group 
control, rats received elastase perfusion (20 U/ml) (Solarbio, Beijing, China) for 15 min; Group con＋AV, 
rats received elastase perfusion and 40ul empty adenovirus (5x1011/ml) was injected into the intra-adventi-
tial via at least four positions; Group con＋shAEBP1, rats received elastase perfusion and adenovirus with 
AEBP1 shRNA.
Dilation ratio (%) was calculated according to the following formula: Dilation ratio (%)= (diameter of 
D28-diameter of D0)/ diameter of D0 x 100%.
ap＜0.01 vs group con＋shAEBP1.
bp＜0.01 vs group sham.
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promote activation of the NF-κB pathway through 
degradation of IκBα16). These observations led us to 
hypothesize that AEBP1 promoted the development 
of AAA through activation of the NF-κB pathway.

We first examined the localization of AEBP1 rel-
ative to that of the neointima marker CD34, media-

that AEBP1 was closely correlated with the develop-
ment of AAA, which was accompanied by activation 
of the NF-κB pathway. AEBP1 regulated the expres-
sion of MMPs and inflammatory cytokines, whose 
expression can be regulated by the NF-κB pathway. 
Previous studies have also reported that AEBP1 could 

Fig.4. AEBP1 silencing impairs development of AAA

An AAA rat model generated by elastase perfusion was used to investigate the role of AEBP1 in the development of AAA. (A) Diameter of the 
infrarenal abdominal aorta in sham, control, con＋AV, and con＋sh AEBP1 group. (B) HE, EVG, and Masson staining of the vascular wall of 
the infrarenal abdominal aorta in different groups.
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Fig.5. Expression profiles of AEBP1, the NF-κB pathway factors, inflammatory cytokines, and MMPs in the established AAA 
model (n=10)

(A) AEBP1 expression was measured using the western blot at days 4, 7, 14, 21, and 28 (n=3) after the surgery. (B) MMP2 and MMP9 
expression were evaluated using the western blot (with GAPDH as the loading control). (C) Evaluation of the levels of inflammatory cyto-
kines TNFα, MCP-1, IL-6, and IL-1β by the western blot. (D) Protein levels of AEBP1, NF-κB p65, and IκBα were evaluated by western 
blot in the established AAA model. (E) Immunofluorescence staining and micrographs (400X) indicated P-p65 expression in the infrarenal 
abdominal aorta in different groups (n=4). (F) Quantification of the proportion of P-p65 positive nuclei. (G) Nuclear proteins were extracted 
from the infrarenal abdominal aorta (n=4), and P-p65 expression was evaluated using the western blot. All the relative expression levels are 
presented as mean±SD; one-way ANOVA, ns ＞0.05,＊p＜0.05; ＊＊p＜0.01. GAPDH was used as the loading control in C and D, whereas 
Lamin B1 was used in G.
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respectively upregulated and down-regulated the secre-
tion of TNFα, IL-10, IL-6, and IL-1β. By contrast, 
NF-κB inhibitor BAY11-7082 suppressed the effect 
of AEBP1 on inflammatory cytokine secretion 
(Fig.7D-G). Subsequent quantification of the inflam-
matory cytokines TNFα, MCP-1, IL-6, and IL-1β 
and the metalloproteases MMP-2 and MMP-9 by 
western blot revealed results consistent with the 
ELISA results reported previously (Fig.8A, B).

To further test whether the role of AEBP1 in 
secretion of the inflammatory cytokines and expres-
sion of the MMPs relies on the NF-κB pathway, 
NF-κB pathway activity was measured in AEBP1-sh 
and AEBP1-over VSMCs. To this end, the levels of 
NF-κB p65, IκBα, and nuclear P-p65 were evaluated. 
We found that AEBP1 knockdown in VSMC cells 
down- and up-regulated NF-κB p65 and IκBα, 
respectively, while decreasing translocation of P-p65 
into the nucleus. Contrarily, AEBP1 overexpression 
elicited the opposite effects. As expected, all these dif-
ferential expression patterns caused by AEBP1 knock-

layer smooth muscle cell marker SMA, adventitia 
fibroblast marker FSP1, and macrophage marker 
CD68 in AAA samples. The results indicated that 
AEBP1 was co-expressed with SMA in the vascular 
wall (Fig.6).

Thereafter, we used VSMCs to investigate the 
relationship between AEBP1 and the NF-κB pathway. 
AEBP1-sh and AEBP1-Over VSMCs were established 
by lentivirus-mediated AEBP1 knockdown and over-
expression, respectively. AEBP1 expression was mea-
sured by qRT-PCR and western blot analyses in 
AEBP1-sh, AEBP1-Over, and control VSMCs. 
AEBP1 expression was found to be significantly up- 
and down-regulated in AEBP1-over and AEBP1-sh 
VSMCs, respectively (Fig.7A-C). Subsequently, NF-κ
B inhibitor BAY11-7082 was used to assess whether 
the role of AEBP1 in the development of AAA relied 
on activation of the NF-κB pathway. The secretion of 
inflammatory cytokines TNFα, IL-10, IL-6, and 
IL-1β was measured by ELISA, and the results indi-
cated that AEBP1 overexpression and knockdown 

Fig.6. Co-localization of AEBP1 with different vascular wall markers

Immunofluorescence staining and micrographs (400×) indicated AEBP1 expression with a neointima marker CD34 (A–C), a media-layer 
smooth muscle cell marker SMA (D–F), an adventitia fibroblast marker FSP1 (G–I), and a macrophage marker CD68 (K–L). AEBP1 and 
each corresponding marker are depicted in red and green, respectively. DAPI was used for marking the nucleus.
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ined whether AEBP1 could directly bind to IκBα. We 
found that AEBP1 co-immunoprecipitated with IκBα 
from VSMC extracts, indicating that AEBP1 could 
successfully bind to IκBα, thereby activating the 
NF-κB pathway (Fig.8E). Overall, these results sug-

down or overexpression were negated with the addi-
tion of NF-κB pathway inhibitor BAY11-7082 
(Fig.8C, D). Given that AEBP1 had previously been 
demonstrated to promote activation of the NF-κB 
pathway through degradation of IκBα16), we exam-

Fig.7. AEBP1 is important for the secretion of inflammatory cytokines

Established VSMC cell lines with AEBP1 overexpression or knockdown were used to analyze AEBP1 function in relation to the NF-κB path-
way. AEBP1 expression was measured using qRT-PCR (A) (mean±SD; one-way ANOVA, ns ＞0.05,＊p＜0.05; ＊＊p＜0.01) and western blot 
(C). ELISA was used to measure the levels of AEBP1 (B), TNFα (D), IL-10 (E), IL-6 (F), and IL-1β (G) in the supernatant of VSMC cells 
cultured in the presence or absence of the NF-κB pathway inhibitor BAY11-7082 (10 µM) (mean±SD; two-way ANOVA, ＊p＜0.05; ＊＊p＜
0.01, ns: not significant when it is ＞0.05).
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endovascular aortic aneurysm repair (EVAR), and 
favorable clinical effects have been achieved, but the 
associated long-term complications severely restrict 
the outcome of EVAR. Moreover, surgery is not a suit-
able option for a large proportion of AAA patients, 
such as asymptomatic cases with an aortic diameter ＜
5.5 cm or those who cannot tolerate surgery because 
of various factors. Therefore, identifying non-surgical 
interventions that can control and repair AAA, such as 
gene therapy, has important clinical benefits. In this 
study, we provide sufficient evidence for the first time 

gested that AEBP1 could bind to IκBα and subse-
quently induce activation of the NF-κB pathway, 
thereby promoting the expression of inflammatory 
cytokines and MMPs.

Discussion

Abdominal aortic aneurysm is a common degen-
erative cardiovascular disorder, characterized in part by 
an inflammatory response in the aortic wall25, 26). In 
recent years, there have been rapid developments in 

Fig.8. The role of AEBP1 in the development of AAA depends on the activation of the NF-κB pathway

Total (A, B, C, and E) and nuclear proteins (D) were extracted from the VSMC cell lines treated with BAY11-7082 for the following western 
blot quantifications. (A) Inflammatory cytokines TNFα, MCP-1, IL-6, and IL-1β. (B) MMP2 and MMP9. (C) AEBP1, NF-κB p65, and 
IκBα. (D) P-p65. (E) Co-immunoprecipitation was performed to assess whether AEBP1 interacted with IκBα. Quantification of the bands 
(A–D) was performed with three independent experiments. Relative expression against GAPDH (A, B, and C) or LaminB1 (D) is shown 
(mean±SD; two-way ANOVA, ns ＞0.05 ＊p＜0.05; ＊＊p＜0.01).
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iting the activity of NF-κB can delay the onset and 
development of AAA19, 20). Our results were consistent 
with the previous reports, and we found that the 
NF-κB pathway was activated in both the clinical 
AAA samples and the elastase-induced AAA animal 
model. Previous studies have also reported that 
AEBP1 can promote activation of the NF-κB path-
way through degradation of IκBα16). Overall, these 
results suggest that AEBP1 may promote the develop-
ment of AAA by regulating the NF-κB pathway.

VSMC cells are the main cellular component of 
the vascular wall. Their apoptosis and phenotypic 
transformation play significant roles in the develop-
ment of AAA42, 43). Previous studies have demonstrated 
that p53 expression in AAA arteries is four times 
higher than that in normal arteries. In AAA arteries, 
the surviving VSMC cells are still active, but their 
ability to proliferate and replicate is considerably 
reduced44, 45). During the development of AAA, abnor-
mal metabolites and inflammatory factors stimulate 
VSMCs to transform from the contractile type to syn-
thetic type, which affects vascular remodeling and 
leads to formation of AAA46, 47). In our studies, the 
double-immunofluorescence technique revealed that 
AEBP1 was mainly expressed in the mid-layer 
VSMCs. In human VSMCs, AEBP1 overexpression 
and knockdown respectively up- and down-regulated 
inflammatory cytokines and MMPs, but all these 
effects were negated upon addition of the NF-κB 
pathway inhibitor BAY11-7082. Co-immunoprecipi-
tation confirmed that AEBP1 could bind to IκBα, 
further suggesting that AEBP1 could induce the deg-
radation of IκBα, thereby activating the NF-κB path-
way and inducing AAA development.

Although we confirmed that AEBP1 could pro-
mote the canonical NF-κB pathway in AAA, the 
effects of AEBP1 on the non-canonical NF-κB path-
way were not addressed in this study. Future studies 
should investigate the relationship between AEBP1 
and the non-canonical NF-κB pathway in AAA. Fur-
thermore, there are other mechanisms of a correlation 
between AEBP1 and AAA, and their role in the devel-
opment and progression of AAA cannot be ruled out. 
Although further studies are still required to establish 
a pharmacological approach, the current studies pro-
vide reliable evidence that AEBP1 is a strong determi-
nant of AAA development, suggesting AEBP1 to be a 
potential target for the treatment of AAA.

Conclusions

Overall, the results of our study demonstrate that 
AEBP1 has a very strong correlation with AAA in 
clinical samples. This is in line with the previous 

that upregulation of AEBP1 contributes to the devel-
opment of AAA via the NF-κB pathway.

As a transcriptional repressor, AEBP1 has been 
reported to be associated with the development of sev-
eral diseases, especially cardiovascular disorders. More-
over, AEBP1 is involved in cholesterol homeostasis 
and inflammatory responses in macrophages and for-
mation of foam cells14, 15, 27). Using proteome iTRAQ, 
we first indicated that AEBP1 was upregulated in 
AAA clinical samples. Subsequent qRT-PCR and west-
ern blot analyses confirmed these results. Additionally, 
ELISA and IHC revealed that AEBP1 levels were sig-
nificantly elevated in the circulating blood and vascu-
lar wall tissues, respectively. Although the increased 
expression of AEBP1 in varied tissues has been 
reported in other diseases28-30), the increased expres-
sion of AEBP1 in serum has not been reported. In 
some tumor-related studies, high expression of AEBP1 
suggested poor prognosis, such as gastric cancer31) and 
bladder cancer32). We make a conjecture that AEBP1 
may serve as a serum biomarker for diagnosing AAA, 
but this needs further verification by a future study.

Chronic infiltration of inflammatory cells is the 
most important pathological feature in AAA develop-
ment5). In this process, inflammatory cells secrete a 
variety of inflammatory cytokines, such as TNF-α, 
MCP-1, IL-6, and IL-1β. These cytokines can directly 
damage the aortic wall33) and cause degradation of the 
elastic fibers by promoting the VSMCs to secrete pro-
teolytic enzymes and MMPs34-36). Moreover, chronic 
infiltration of inflammatory cells can induce VSMCs 
to undergo apoptosis by activating the Fas/FasL path-
way12, 37). Although a large number of potential targets 
for AAA treatment have been identified, very few of 
them have been investigated in AAA animal models. 
We successfully established an AAA rat model using 
the elastase method and found that AEBP1 was upreg-
ulated during the development of AAA in a time-
dependent manner, further confirming that AEBP1 is 
closely related to the development and progression of 
AAA. AEBP1 knockdown suppressed AAA develop-
ment and inhibited the expression of inflammatory 
cytokines and MMPs, which are considered key 
enzymes directly related to AAA formation and pro-
gression11, 38).

Majdalawieh et al. reported that AEBP1 exerts its 
pro-inflammatory effects by promoting NF-κB activ-
ity through impeding the inhibitory function of Iκ
Bα. In the canonical pathway, the activation of NF-κ
B p65 requires phosphorylation and subsequent deg-
radation of its inhibitor IκBα. NF-κB is known to 
mediate inflammatory reactions and regulate the tran-
scription of MMP-1, MMP-2, MMP-3, and MMP-
924, 39-41). Pre-clinical studies have indicated that inhib-
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observations in mouse models, where AEBP1 was 
demonstrated to promote AAA. The effect of AEBP1 
was transduced with activation of the NF-κB path-
way. Perturbation of AEBP1 levels affected the expres-
sion of inflammatory cytokines and MMPs, and these 
effects were negated by the NF-κB pathway inhibitor 
BAY11-7082. Altogether, these results suggest that 
AEBP1 promotes AAA formation by modulating the 
NF-κB pathway.
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